The phase morphology, thermal behavior and mechanical properties of two series of polymer blends based on ethylene/propylene/diene rubber (EPDM) and amorphous homologues of poly(ethylene terephthalate), i.e. glycol modifi ed poly(ethylene terephthalate) (PETG) and poly(ethylene furanoate) (PEF), were investigated. The morphology of the blends shows a two phase structure in which the minor phase (amorphous polyester) is dispersed as domains in the major (EPDM) continuous matrix phase. Differential calorimetry studies confi rmed that both systems were immiscible and exhibits two glass transitions. The melting peak area of EPDM in the blends decreased as the amount of the other component increased. The values of stress at strain of 100% were improved upon the increasing content of PETG in EPDM system, while only slight decrease of this value was observed. Moreover, the strong improvement of hardness and thermo-oxidative stability along with an increasing content of amorphous polyester phase was reported.
INTRODUCTION
Ethylene/propylene/diene rubber (EPDM) exhibits excellent heat, ozone, and aging resistance due to its highly saturated chemical structure 1 . Moreover, one can fi nd EPDM as a material resistant to a cold and moisture permanent deformation and impact 2 . One knows that by incorporating saturated EPDM rubber into diene rubbers, such as natural rubber (NR) and butadiene rubber (BR), one can achieve new functional material, which can replace conventional antiozonants, such as N-1,3-dimethylbutyl,-N'-phenyl-para-phenylenediamine (6PPD) 3 . However, in general vulcanizates of the EPDM/ diene rubber possess poor mechanical properties 1 . Mixing of rubbers with resins and thermoplastics may result in obtaining new materials with different properties in comparison to the starting materials along with an extended range of utilization 4 . Using diverse polymers, one can varied the characteristics of such blends between large limits, thus obtaining new functional materials with balanced properties that cannot be obtained by single polymer 2, 4 . For many years, such polymer blends have been received by traditional technology used in rubber processing and their properties are well-known 5, 6 . By mixing rubbers with thermoplastics under specifi c conditions one can obtain materials with elastoplastic behaviour: at high temperature they can be processed in the molten state and, after cooling, in the temperature range of usage, they behave as elastomers 7 . Nowadays, such materials are produced and applied at a commercial scale starting from non-polar elastomers and non-polar plastomers, or from polar elastomers and polar plastomers, or from pairs of dissimilar polarity 4 . In general, if the blend contains a relatively large amount of rubbery phase, the blend will be soft and have at least some of the properties of an elastomer, whereas if it contains a relatively large portion of the hard plastic, it can be used as an impact resistant plastic. In these types of blends the required properties can be easily obtained by the careful selection of the component polymers (rubber and plastic) and their blend ratios 8, 9 . However, most of the rubber/thermoplastic blends are immiscible and incompatible. Generally, the physical, mechanical and rheological properties of immiscible polymer blends depend not only on the constituent polymers but also on the morphologies of the blends 10, 11 . Due to the deformable nature of the minor phase in immiscible polymer blends a wide range of morphologies (size shape and distribution of the dispersed phase) can be obtained during melt processing. Therefore many studies on the morphology of the blends have been performed.
Thermoplastic polyesters, such as poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT), and more recently glycol modifi ed poly(ethylene terephthalate) (PETG) and poly(ethylene furanoate) (PEF) have been widely used as engineering thermoplastics for packaging, electronics, and other applications
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. PETG, unlike PET, is an amorphous thermoplastic polyester that exhibits a glass transition temperature (T g ) of about 80 o C 13-16 and on account of its transparency and clarity, can be applied in medical, pharmaceutical, and cosmetic packaging. In turn, PEF is one of the most promising polyesters derived from 2,5-furandicarboxylic acid (FDCA) 17 , due to its higher (T g ), better mechanical properties and surprisingly good barrier properties (reduced permeability toward carbon dioxide (CO 2 ) and oxygen (O 2 )) in comparison to PET. This fact along with that FDCA is a renewable feedstock, makes PEF the most attractive substitute for PET, especially when used as packaging materials 18 . Based on structural considerations, PET 
MATERIAL AND METHODS

Material
Substandard EPDM was used in this study, which properties are similar to Keltan® 4869 (ethylene content of 64 wt.%, ENB content 8.7 wt.%, Arlanxeo, Netherlands B.V.) having Mooney viscosity of 48 ML (1+4) at 125 o C). Both amorphous polyesters, i.e. PETG and PEF were synthesised following the same procedure as already published in 29, 30 . For PETG synthesis the following chemicals were used: dimethyl tereftalate (DMT) (SigmaAldrich); ethane-1,2-diol (ED) (Sigma -Aldrich), 1,4-cycloheksanedimethanol (CHDM) (Sigma -Aldrich), zinc acetate Zn(CH 3 COO) 2 (ester exchange catalyst) (Sigma -Aldrich); germanium dioxide (GeO 2 ) (polycondensation catalyst) (PPM Pure Metals GmbH); thermal stabilizer Irganox 1010 (Ciba -Geigy, Switzerland). In turn, for PEF synthesis one used: dimethyl furan 2,5-dicarboxylate (DMF) (Sarchem Laboratories, Inc., Farmingdale, NJ, USA), ethane-1,2-diol (ED) (Sigma -Aldrich), tetrabutyl orthotitanate (Ti(OBu) 4 ) (ester exchange and polycondensation catalyst) (Fluka); thermal stabilizer Irganox 1010 (Ciba -Geigy, Switzerland). The polymerization od PETG and PEF was performed in a 1dm 3 high pressure reactor (Autoclave Engineers Pennsylvania, USA) in two stages: transesterifi cation under a constant fl ow of nitrogen in temperature range of o C, in the presence of catalyst for about two hour. When the amount of by-product of this stage (methanol) was at about 90% of the stoichiometric calculated value, the second stage began. One has added the thermal stabilizer and second portion of catalyst along with the slow increase of the temperature up to 240 o C and decrease of the pressure. At this stage, the stirring torque change was monitored in order to estimate the melt viscosity of the product. Both syntheses were fi nished when viscosity of the melt reached the same established value at 240 o C. The molten polyesters were extruded from the reactor into water bath, then granulated and dried before the manufacturing process. The amorphous polyesters, i.e. PEF and PETG used in this study exhibited intrinsic viscosity values of 0.466 dl/g and 0.625 dl/g, respectively.
Manufacturing process of specimens EPDM, PETG and PEF were dried in a vacuum oven at 60 o C for about 24 h. Two series of polymer blends were prepared with the content of EPDM of 90, 80 and 70 wt.%. After drying the appropriate amount of materials were fed into a Brabender (Germany) DSE25 intermeshing, co-rotating twin-screw extruder with a length/ diameter ratio of 30. The mixing processes have been carried out at a melt temperature of 150 o C and the extruder screw speed was set at 60 rpm. Then the samples were pressed to the form of square with the dimension of 100 mm x 100 mm x 1.0 mm at the temperature of 170 o C and the pressure of 5 bar. Subsequently, the specimens for tensile testes were prepared according to the standard test methods ASTM D638-type V.
Characterization methods
One can calculate the theoretical solubility parameters for polymers compositions/blends. There are several methods that allow to estimate the solubility parameter (δ), proposed by number of investigators 31 . The Hoy solubility parameter method is one of the simplest way to evaluate whether one material is miscible or soluble with/in another organic material (solvent, polymer, etc.). This method is mostly applied for structural features like: cis, trans (around double bonds), ortho-, meta-, para-substitution (aromatics), branching (conjugation of double bonds, and rings) 32 . Moreover, the prediction of the solubility parameter is based on three different contributions: a solubility parameter due to dispersion forces (δ d ): all non-polar contributions, a polar contribution (δ p ) due to dipole forces and hydrogen bond contribution (δ h ): only present when the molecule can form hydrogen bonds or due to donor-acceptor interactions
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. The Hoy's system contains four additive molar functions, a number of auxiliary equations and the fi nal expressions for δ tot and its components of δ tot . Each of these can be regarded as a vector in three-dimensional space, so the total solubility parameter δ tot is defi ned by equation (1) 31 :
(1) The full equation that determines the solubility of amorphous polymers (P i,j ) 31 :
Where, δ is difference in the solubility parameters of polymer pairs, and δ d , δ p and δ h are resulting from dispersion forces, polar interaction and hydrogen bonding. The smaller difference in solubility of block pairs  MPa 1/2 the more soluble they are 31 . In order to compare the morphology of each blend, the cryogenically fractured surfaces were investigated with Scanning Electron Microscopy using FE-SEM Hitachi SU-70 microscope. Samples were cryofractured in liquid nitrogen and then coated with palladium -gold alloy thin fi lm using thermal evaporation PVD method to provide electric conductivity. SEM analyses were performed at accelerating voltage of 5kV and secondary electron images were acquired.
Thermal analysis was carried out using a differential scanning calorimeter (Q1000, TA Instrument, USA) to study the infl uence of the addition of amorphous polyesters on the thermal behavior of EPDM/PETG and EPDM/PEF blends. Samples of approximately 9 mg were placed in an aluminum pan. The tensile properties of the prepared EPDM/PETG and EPDM/PEF polymer blends were measured using Autograph AG-X plus (Shimadzu) tensile testing machine equipped with a 1 kN Shimadzu load cell, an contact optical long travel extensometer and the TRAPEZIUM X computer software, operated at a constant crosshead speed of 25 mm/min. Measurements were performed at room temperature with the grip distance of 20 mm. According to DIN 53455 standard, stress at 100% strain, yield stress and strain, stress and elongation at break of the polymer blends were determined. Five measurements were conducted for each sample, and the results were averaged to obtain a mean value. Moreover, for the prepared two series of polymer blends, hardness measurements were performed on a Shore A apparatus (Karl Frank GmbH, Type 104, Germany) according to a standard DIN 53505 and ISO 868 and the density was measured at 23 o C on the hydrostatic balance (Radwag WPE 600C, Poland), calibrated for standards with known density.
The thermo-oxidative analysis of the prepared EPDM/ PETG and EPDM/PEF blends were evaluated by thermogravimetry (TGA 92-16.18 Setaram) using the system measuring simultaneously TG-DSC. Measurements were carried out in an oxidizing atmosphere i.e. 
RESULTS AND DISCUSSION
Solubility assessment
One can assume that, multiphase polymer blends may exhibit good functional properties if they are compatible/ miscible. The molecular structures of the EPDM, PEF and PETG are shown in Figs. 1.a, b and c respectively. These materials, depending on the temperature, may exhibit the phenomenon of phase solubility and the phase separation, which is due to the large differences between the phase transition temperatures. The characteristic performance of polymer blends is that in the cooled state they form a multiphase structure resulting from micro and nanophase separation, characterized by thermodynamic immiscibility 34, 35 . It is possible to calculate the theoretical solubility parameters for polymers compositions. The total solubility parameters and its components were calculated by using Hoy's method Table 1 . According to the Hoy's method calculations the obtained polymer blends exhibit higher values of δ parameter than parameter appointed for completely miscible materials. This proves that both polymer blends, i.e. EPDM/ PETG and EPDM/PEF are immiscible and exhibit phase separation. Based on the calculations one can deduce that in the cooled state the blends form a heterogeneous structure with two separate phases.
Morphology of EPDM/PETG and EPDM/PEF blends
Phase morphology of heterogeneous blends plays critical role in determining their fi nal properties. Several important studies [36] [37] [38] [39] [40] give deep insight into the phase morphology of polymer blends These studies predicted that the fi nal morphology is determined by blend ratio, melt viscosity, processing parameters, presence of other ingredients, etc. 41 . The micrographs of cryogenically fractured surfaces of EPDM/PETG and EPDM/PEF blends are displayed in Fig. 2. In Fig. 2 A1-A3 one can observe the dispersed PETG phase within EPDM matrix. However, along with an increase of PETG content (from 10 to 30%) the degree of homogeneity of the system decreases, especially when one compares Fig 2 A1 (10% of PETG) with Fig. 2. A3 (30% of PETG) . This emphasizes on low interfacial adhesion. In turn, EPDM/ PEF blends exhibit even less uniform morphology (Fig. 2  B1-B3) . Only in the case of EPDM/PEF 90/10 one can observe dispersed PEF phase in EPDM matrix (Fig. 2  B1) . In other cases (Figs. 2 B2 and B3) EPDM/PEF blends revealed worse miscibility of EPDM and PETG phases. The size of PEF phase increased in EPDM/PEF 80/20 and even further increased in EPDM/PEF 70/30. The increase of the size of PETG and PEF phases within EPDM along with their increasing content might result from the coalescence phenomenon. The coalescence, the recombination of particles, is known to take place during the mixing process 42 . These observation are in the agreement with the the Hoy's method calculations made for both systems. The PETG-within-EPDM structure will be thermodynamically favourable over PEF-within-EPDM structure, since Δδ EPDM/PETG < Δδ EPDM/PEF . Figure 3 shows DSC thermograms recorded from the 2 nd heating of substandard EPDM and its blends of EPDM/ PETG (Fig. 3a) and EPDM/PEF (Fig. 3b) . (Fig. 3a) for PETG and at about 88-89 o C for PEF (Fig. 3b) ). Additionally, an increase of amorphous polyester phase content in the system cause a diminution of the melting peak area of EPDM. EPDM is a copolymer in which the ethylene sequences crystallize. If the length of the sequences is relatively large, large crystallites are formed that have a higher melting temperature
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. With shorter average sequence lengths only very small crystallites are formed that melt immediately above the glass transition temperature. If the sequences consist of only a few CH 2 groups, then crystallization is no longer possible and the sample remains amorphous. Thus, the size of EPDM melting peak was affected by the addition of both PETG and PEF amorphous polyesters, which affected the molecular mobility in the amorphous regions 34 (slight decrease of T g of EPDM).
Tensile properties
The mechanical properties of EPDM/PETG and EPDM/PEF blends are represented in Fig. 4 and the characteristic parameters (stress at strain of 100%, yield stress and strain, stress and strain at break) are summarized in Table 2 . Moreover the values of hardness and hydrostatic density were measured for two series of blends and presented in Table 2 . The values of stress at strain of 100% initially decrease, when the amount of amorphous polyester phase increase from 10 to 20 wt. % and subsequently increase for the blends with the highest content of 30 wt.%. Such trend was visible for systems of EPDM/PETG and EPDM/PEF. This might result from the inhomogeneity in the systems. Moreover, for three systems, i.e. EPDM/PETG 70/30, EPDM/PEF 80/20 and EPDM/PEF 70/30 the values of yield stress and corresponding yield strain were presented in Table 2 . In the case of EPDM/PEF blends, these values were within the limit of the measurement error. Moreover, along with an increase in the second component content, the ) and PETG (~1.24 g/cm 3 [45] ) or PEF (~1.43 g/cm 346 ).
Thermo-oxidative analysis
The thermo-oxidative stability of both systems of EPDM/PETG and EPDM/PEF blends was studied under oxidative atmosphere. The mass loss (TG) and derivative of mass loss (DTG) curves, with different contents of amorphous polyesters phase, are shown in Fig. 5 . Moreover, the characteristic temperatures of 5 (T 5% ), 10 (T 10% ), 50 (T 50% ) and 90 (T 90% ) % of mass loss in oxidative atmosphere are summarized in Table 3 . One can consider the value of T 5% as the beginning of thermal degradation. The EPDM/PETG blends exhibit two steps of the degradation under oxidative atmosphere. In step 1, the volatile compounds and water are evolved from the samples. For this series of blends the midpoint temperatures are about 290 o C and the step height is between 5-10%.
Step 2 has to do mainly with values of stress at break decreased of about 40% for EPDM/PETG 70/30 and of about 55% for EPDM/PEF 70/30 if compared to the blend with the lowest content of polyester phase (10 wt.%). In the context of blend compatibility, ε b is a very sensitive indicator of component adhesion, for mechanically compatible systems, or cohesion, for miscible blends 43 . In this case, for EPDM/ PETG system the value of ε b fi rstly increased and then decreased, while for EPDM/PEF system, along with an increase of PEF content the value of ε b decreased. Since the SEM micrographs (Fig. 2) showed non compatible EPDM and PETG or PEF phases, which lead to cracks and fracture at interphase boundaries 41 , also tensile tests revealed both systems were immiscible. However, at the same time, the values of Shore hardness increased of about 50% for EPDM/PETG blends and 30% for EPDM/PEF blends. Such improvement might result from the decrease in molecular mobility (Fig. 3) . Moreover, the increasing content of the second component in the the pyrolysis of PEF and PETG. The peak maximum of the DTG curve is at about. 407-412 o C. In turn, the series of EPDM/PEF blends exhibit three steps of degradation, which is probably due to higher degree of incompatibility ( Table 2 ). The fi rst step is similar, but the second step is divided into two: pyrolysis of EPDM (step 2 at about 390 o C) and the pyrolysis of the more stable polymer component (step 3 at the temperature of about 450 o C). It is also worth noticing, that the value of T 5% , which is considered to represent the beginning of thermal degradation, was strongly improved by the addition of both PETG and PEF into EPDM systems and fore mostly this value increased along with increasing content of more stable polymer.
CONCLUSIONS
In the present work, for the fi rst time, the blends of EPDM with PETG or PEF were prepared and characterized in detail. SEM micrographs along with DSC analysis of EPDM/PETG and EPDM/PEF blends revealed phase separated morphology of the blends. Finer morphology was observed for EPDM/PETG systems, which was in the agreement with the Hoy's method calculations. The addition of PETG caused the improvement in stress at strain of 100%, however at the same time the decrease in stress at break was observed along with an increase of PETG or PEF content in the blends. Moreover, the highest value of elongation at break was reported for EPDM/PETG 80/20. The incorporation of rigid amorphous polyesters caused a strong improvement in hardness. Moreover, the temperature of the beginning of thermo-oxidative degradation (T 5% ) was shifted toward higher values when PETG or PEF were incorporated into EPDM. Based on the above results one can draw the conclusion that PETG is more promising polyester, that can improve the properties of rubber-based blends.
